The impact of elevated CO 2 (1000 µmol/mol) was assessed on the common weed, Arabidopsis thaliana (Landsberg erecta), which is used as a model plant system. Elevated CO 2 stimulated relative growth rate (RGR) and leaf area gain of Arabidopsis beginning from the cotyledon stage and continuing through the juvenile stage. This early advantage in growth enabled the plants grown in elevated CO 2 to gain more DW despite similar RGRs throughout the latter stages of development. The greater accumulation of DW in leaves grown in elevated CO 2 resulted in a lower specific leaf area (SLA). However, the amount of cell wall investment per unit of leaf area, specific "wall" area (SWA), was similar indicating that elevated CO 2 did not affect the distribution of cell carbon to the cell wall of leaves beyond that needed for cell and leaf expansion. Furthermore, cell wall composition changed with time due to developmental changes and was not affected by elevated CO 2 . Associated with the increase in RGR by elevated CO 2 was a concomitant increase in the activity of UDP-Glc dehydrogenase (E.C. 1.1.1.22), a key enzyme in the nucleotide -sugar interconversion pathway necessary for biosynthesis of many cell-wall polysaccharides.
Introduction
The cell wall is a major sink for carbohydrate comprising 20 to 50 % of the dry weight of a plant and 70 to 80 % of the carbohydrate (Penning de Vries et al. 1974) . Much of the research 1 This research was supported by a National Science Foundation (NSF) EPSCoR and an NSF grant no. IBN 9420054 to JRS. * E-mail corresponding author: cramer@med.unr.edu (fax 1-702-784-1650) ** Current address: Dept. of Plant Science, University of Adelaide, Waite Campus, Glen Osmond SA 5064, Australia into the structure and biosynthesis of cell walls is focused on the primary wall, because the changes that occur in the primary wall are crucial in plant development (Carpita and Gibeaut 1993) .
There are a number of enzymes involved in the biosynthesis of the cell wall. Cellulose synthase produces cellulose and callose, which are the only polysaccharides known to be made at the plasma membrane (Delmer and Amor 1995) . Interlocking glycans and pectins are synthesized and modified in the Golgi apparatus by various synthases. These polysaccharides are packaged in secretory vesicles and transported to the cell wall (Driouch et al. 1993, Gibeaut and Car-pita 1994) . Further modifications occur in the wall such as deesterification of pectins, phenolic cross-linking, hydrolysis and turnover of specific polysaccharides (McCann et al. 1995) .
UDP-Glc dehydrogenase (E.C. 1.1.1.22) acts upon the largest proportion of polysaccharides in the plant cell wall which pass through the Golgi apparatus. UDP-Glc dehydrogenase catalyzes the conversion of UDP-Glc to UDP-GlcUA, which can then be interconverted to other nucleotide sugars. These sugars are the precursor molecules for the synthesis of the majority of glycosyl units of structural carbohydrates in the cell wall. UDP-Glc dehydrogenase is a good candidate for a control point in the metabolic pathway of cell wall synthesis because it is in low concentration relative to other enzymes in the pathway, operates far from equilibrium, and because so much of the cell wall carbohydrate is acted upon by this enzyme b, Dalessandro and Northcote 1977 b, Robertson et al. 1995 , Tenhaken and Thulke 1996 .
Cells expand because the cell wall is made more extensible by enzymatic activities that are located both in the wall and in the biosynthetic pathway (N. C. Carpita and D. M. Gibeaut 1993 , Cosgrove 1997 , D. A. Gibeaut and N. C. Carpita 1994 , Taiz 1984 . Chemical modifications in the wall mediated by expansins, xyloglucan endotransglycoylase (XET), and polysaccharide endo-and exohydrolases, must occur to allow for polymer creep. Concomitantly, the synthesis and secretion of molecules to the cell wall must occur to sustain growth (Brummell and Hall 1985 , Edelmann et al. 1989 , Ray 1987 .
Elevated CO 2 increases cell wall extensibility and stimulates cell expansion rates of roots (Ferris and Taylor 1994) and leaves (Ranasinghe and Taylor 1996) , possibly by the increased activity of XET . However, the activity of XET alone does not promote loosening or extension of isolated cell walls (Macqueen-Mason et al. 1993) . The effect of elevated CO 2 on the activities of other cell wall loosening enzymes and cell wall synthesis have not yet been published.
In this study we characterize the growth response of Arabidopsis to elevated CO 2 and correlate this response to changes in cell wall composition and activity of one rate-limiting enzyme in cell wall biosynthesis, UDP-Glc dehydrogenase. We present data showing that the activity of UDP-Glc dehydrogenase is increased by elevated CO 2 and is correlated with the RGR of Arabidopsis.
Materials and Methods
A. thaliana (Landsberg erecta) was grown in hydroponic culture under a 10-h photoperiod (400 µmol quanta PAR m -2 s -1 ), 75 % RH, and day/night temperatures of 21/18˚C. We used hydroponic culture for Arabidopsis as described (Gibeaut et al. 1997 ) because hydroponic culture can produce uniform root and shoot material without the complications of water and nutrient stress or root restriction.
Hydroponic culture
Low-density polyethylene tubs, 32-L volume, were covered with acrylic tops that held 35 individual plants in removable, plastic plugs. Cylinders (3 × 1.5 cm) of rockwool (GrodanHP, Agro Dynamics Inc., East Brunswick, NJ) were cored from a slab and placed in the plugs to a depth that allowed contact with a hydroponic solution. Dry seeds were sprinkled on the rockwool then wetted with a wash bottle. Plants were thinned to one plant per plug.
The (Epstein 1994 , Rafi et al. 1997 . The final solution pH was 6.0, and the electroconductivity was 0.66 dS m -1
. Air from an oil-free compressed air source (ambient CO 2 ) was bubbled through a 30-cm long air stone for 5 min every 30 min.
Controlled environment chambers
Two large and two smaller (PGW36, and E15, Conviron Products Co., Winnipeg, Manitoba) controlled environment chambers were maintained at desired atmospheric concentrations of CO 2 using a system comprising an infrared gas analyzer (LI 6252, LiCOR Inc., Lincoln, NE), remote data logger (CR10T, Campbell Sci. Inc., Logan, UT), real time monitoring on computer (RTMS, Campbell Sci., Inc., Logan, UT), sampling pumps and switching manifold, CO 2 injectors, and a high pressure CO 2 scrubber (PCDA 21200, Puregas, Westminster, CO) for delivery of CO 2 -free air.
Experimental protocol
Four experiments (replicated in time) in the smaller chambers were conducted by planting a single tub of 35 plants in each of the chambers with CO 2 concentrations maintained at 360 or 1000 µmol/mol. At each harvest time, five plants from each chamber were randomly selected for growth analysis. Two experiments (replicated in time and alternating chambers) in the larger chambers were conducted for both growth and cell wall analyses, by planting three tubs of 35 plants in each of the chambers with CO 2 concentrations maintained at 360 or 1000 µmol/mol. At each harvest time, three plants were randomly selected for growth analysis, and an appropriate number of plants were selected for cell wall analysis. Harvests were taken between the 8th and 9th h of the photoperiod.
Growth analysis
An average of the initial DW of plants was estimated by weighing approximately 300 seeds. During the first 14 days after planting, an average of whole plant DW was estimated by harvesting 35 plants, drying and weighing them together. The areas of cotyledons and the first few leaves were estimated by measuring their length and width using a calibrated reticle in a dissecting microscope. Areas were calculated as the area of an ellipse and average values were determined from five plants. Fresh weights were not determined for these young plants.
Beginning on day 17, the plants were large enough to measure the leaf areas, and the FW and DW of individual plants. Plants were removed from the hydroponic tubs one at a time, dissected into root, leaf, and when bolting commenced on day 32 and 37 for plants grown at 1000 and 360 µmol/mol CO 2 , respectively, the inflorescence and stem of the plant was dissected using a 1-cm diameter cork bore. FW of the shoot tissues were determined immediately; roots were first rinsed and blotted dry. Leaf area was measured using a portable area meter (LI -3000A, LiCOR Inc., Lincoln, NE). DW of the material was determined after drying for 2 d in an oven at 60˚C.
Plant growth data from individuals of each experiment were pooled for statistical analysis because no statistically significant differences between replicates (either in time or between chambers) for similar experimental treatments were observed. Data were analyzed for RGR by use of the Richards function (Venus and Causton 1979) .
Purification and fractionation of cell wall material
The following procedures were done using 50-mL conical tubes (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ). Each washing step was done in 15 mL of solution stirred vigorously with magnetic stir bars. Pelleting was done at 2500 g for 15 to 30 min in a desk top centrifuge with a swinging bucket rotor (GPR, Beckman, Palo Alto, CA). All supernatants and extracts were filtered through glass fiber filters (G8, Fisher Scientific, Pittsburgh, PA) to ensure good recovery of the wall materials.
About 3g fresh leaves were homogenized in 9mL ice-cold 50mmol/L Tes-KOH, 50 mmol/L NaCl, 30 mmol/L ascorbic acid, pH 5.5, using a Polytron with a 1-cm probe (PT 10/35, PTA 10S, Brinkman Inc., Westbury, NY). After homogenization, the mixture was brought to 1.5 % Triton X-100 to assist membrane disruption. The cell walls and debris were washed sequentially at RT with 0.1 mol/L NaCl (supplemented with 1 % Triton X-100) (2×), 0.1 mol/L NaCl (3×), water (2×), methanol (3×), and water (2×). To remove starch, 10 mL of DMSO were added to the pellets and the suspensions were stirred vigorously overnight (Carpita and Kanabus 1987) . The remaining purified cell wall materials were washed with water (2×), resuspended in water, and lyophilized.
Pectin was extracted from the purified cell wall materials by stirring in 10 mL of 50 mmol/L ammonium oxalate (AO) for 30 min in a boiling water bath (2×). The AO supernatants were combined, dialyzed (Spectra/Por 4, Spectrum Medical Industries, Houston, TX), and lyophilized. The pellets ("pectin-free" cell wall) were washed in water (3×) and lyophilized. Crosslinking polysaccharides were extracted from the "pectin-free" cell walls in 10 mL of 4.0 mol/L KOH (supplemented with 3 mg/mL NaBH 4 ) with vigorous stirring for 1h. A second KOH extraction was done overnight. The KOH supernatants were neutralized with glacial acetic acid, dialyzed, and lyophilized. The pellets (α-cellulose) were washed in water (3×) and lyophilized. Materials tightly bound to cellulose were removed with a single acetic/nitric acid treatment in boiling water for 90 min (Updegraff 1969) .
UDP-Glc dehydrogenase assay
UDP-Glc dehydrogenase (E.C. 1.1.1.22) is specific for UDP-Glc, irreversibly converts UDP-Glc to UDP-GlcUA, and has a pH optimum of 8.5 to 8.7 (S.-I. Amino et al. 1985 a, G. Dalessandro and D. H. Northcote 1977 a) . The enzyme is inhibited by UDP-Xyl (Abdul-Baki and Ray 1971) which is formed by the activity of UDP-GlcUA decarboxylase. Assays were performed using about 3 g FW of freshly processed material. The entire shoot for small plants (up to day 25), or leaf tissue separated from the shoot apex using a 1-cm cork bore for larger plants, were harvested and homogenized in a glass -glass homogenizer (Duall, Kontes Glass Co., Vineland, NJ) with 3 mL ice-cold buffer, 50 mmol/L Tris-base, 10 mmol/L Na 2 -EDTA, 20 % glycerol (v/v), pH 8.7. The homogenate was centrifuged for 20 m at 20,000 g. The supernatant was collected then 2.5 mL was applied to a Sephadex G-25 desalting column (PD-10, Pharmacia Biotech Inc., Piscataway, NJ) equilibrated in the same buffer. The extract was eluted with 3.5 mL buffer, and the eluant was kept on ice until the assay. The desalting column removed UDP-Xyl and substrates for competing dehydrogenases such as pyruvate for lactate dehydrogenase. The assay was performed by first mixing 0.8 mL of the eluant with 0.1 mL 100 mmol/L NAD + then incubating for 3 min in a 30˚C water bath. The reaction was initiated with 0.1 mL 100 mmol/L UDP-Glc and the rate was monitored for 4 min as the change in A 340 due to the reduction of NAD + .
The reaction was linear for this time period (data not shown).
Results
Elevated CO 2 significantly increased dry matter accumulation in the whole plant (Fig. 1) . The greatest effect was in the early stages of growth ( Fig. 1) and was reflected by the calculation of RGR (Fig. 2) . Similar effects on RGR were seen for the root and whole plant (data not shown). In the first three weeks of growth the RGR was about 20 % greater for plants in elevated CO 2 than those at ambient CO 2 . After about 21 days the RGR Figure 1 . Plants grown at elevated CO 2 accumulated DW faster and to a greater extent than those grown at low CO 2 . The lines were fitted using the Richards function. Error bars are 95 % confidence values.
Figure 2.
The relative growth rate (RGR) of leaves was initially greater in plants grown at elevated CO 2 , but declined to similar rates as plants initiated flowering. RGR was calculated using the Richards function parameters as described.
of plants under both treatments began to decline to similar values. The root weight ratio (RWR), defined as the proportion of root DW to whole plant DW, varied with time and CO 2 concentration (Fig. 3 A) . The RWR was initially low, then peaked at the time of the initiation of the inflorescence, about 26 or 30 days for plants grown in elevated or low CO 2 , respectively. However, if RWR was plotted versus plant DW (Fig. 3 B) then no difference was observed -only the time dependent changes in RWR were apparent.
The specific leaf area (SLA), defined as the leaf area per unit of leaf DW, was lowered by elevated CO 2 when compared on a time basis (Fig. 4 A) , although about one-third of this difference was negated when compared on a leaf DW basis (Fig. 4 B) . If the leaf area per unit of cell-wall DW (specific "wall" area, SWA) was compared versus time (Fig. 5 A) or leaf DW (Fig. 5 B) , then only the time dependent effects, independent of plant DW, were apparent. These data indicate that allocation of wall material was not greatly altered by growth at elevated CO 2 , if you take into account the accelerated rate of development. Furthermore, the composition of the cell wall, as determined using sequential extraction, showed differences between CO 2 treatments when compared on a time basis (data not shown) but not on a leaf DW basis (Fig. 6) . Despite many differences in the fractionation procedure, the proportions of the fractions we obtained (Fig.  6 ) were similar to the values deduced from Zablackis et al. (1995) : 48 % pectin, 27 % cross-linking glycan, 8 % acetic/nitric acid soluble, and 16 % crystalline cellulose.
The activity of UDP-Glc dehydrogenase in leaves was increased by elevated CO 2 concentration in the early stages of growth (Fig. 7) . This response was similar to that of RGR (Fig.  2) and is more easily seen by plotting the activity of UDP-Glc dehydrogenase against RGR (Fig. 8) . The linear response (r 2 = 0.83) indicates that there is a very good correlation between these two factors. Some complications with these measurements were observed when the plants began the transition to flowering. Extracts obtained from the forming floral shoot apices, which included much more meristematic tissue compared to leaves, were about 16-fold greater than those in slowly expanding leaves (1620 ± 126 vs. 100 ± 9 nmole min -1 g -1 FW; mean ± SE). This indicates that there is a much higher con- centration of enzyme in the very early stages of organ formation compared to more slowly expanding leaves.
Discussion
Analysis of RGR can pinpoint the critical developmental phase when plant responses to the environment are greatest. In Arabidopsis the RGR was most affected by atmospheric CO 2 concentration during the first three weeks of growth; after this time the differences in RGR between ambient and elevated CO 2 treated plants disappeared (Fig. 2) . If one were to only examine these plants after 3 weeks for physiological or biochemical responses to CO 2 , then the critical response to CO 2 may be missed -only the cumulative effects will be apparent. Other researchers have observed that the effects of CO 2 on growth are greatest in the early developmental stages of Arabidopsis (Eckardt et al. 1997) , rice (Jitla et al. 1997 , Makino et al. 1997 , wheat (Robertson and Leech 1995) , tobacco (Masle et al. 1993) , and poplar (Radoglou and Jarvis 1990) . In this study the increased RGR in the first few weeks of growth could account for most of the accelerated developmental effects observed. For example, the RWR was equal at the onset of flowering, and the DW was equal when bolting commenced although the timing of these events was offset by several days. For these reasons we compared our data on a DW basis and found few differences between CO 2 treatments for many growth parameters. Indeed it has been stated that the main effect of CO 2 on growth and allocation of carbon is in a changed timing of development (Eamus and Jarvis 1989) .
One effect of elevated CO 2 not fully accounted for by the altered rate of development was the change of SLA. Most C 3 plants grown at elevated CO 2 do not entirely redistribute the increased DW from photosynthesis into increased leaf area; this results in reduced SLA and LAR (Badger 1992) through The activity of UDP-Glc dehydrogenase in leaves was greatest in young plants, especially those grown at elevated CO 2 . Activity declined in a fashion similar to the decline in RGR (Fig. 2 ). Lines were fitted by interpolation. the accumulation of starch and soluble sugars (Poorter et al. 1997) . Similarly in this study, the SLA of Arabidopsis grown at elevated CO 2 was reduced throughout development (Fig. 4 ) even when the difference in developmental rate was considered. More importantly, on the basis of leaf area per unit cell wall (SWA), there was no effect of CO 2 when the different rates of development were taken into account (Fig. 5) . In other words, elevated CO 2 did not significantly change the amount of wall carbon per unit leaf area when equivalent developmental plant ages were considered. Because the SWA was only affected by developmental rate and because there was a greater accumulation of starch and soluble sugar in plants grown at elevated CO 2 (data not shown), any increased allocation of carbon to the cell wall (from elevated CO 2 ) could lead to increased growth. However, we also observed that alterations in cell wall composition were developmentally related. Increased growth would have to occur before any developmental changes that rigidify the wall.
Growth and the physical properties of the cell wall can be experimentally altered by promoting or disrupting the synthesis or secretion of cell wall materials. Auxin stimulates hemicellulose secretion and cell wall extensibility (Kutschera and Briggs 1987) ; whereas, ABA and salinity inhibit hemicellulose secretion and cell expansion (Wakabayashi et al. 1991 , Figure 8 . The activity of UDP-Glc dehydrogenase in leaves was positively correlated with the RGR of leaves, irrespective of the concentration of CO 2 . Lines were fitted by linear regression with 95 % confidence intervals (r 2 = 0.83). Zhong and Läuchli 1988, 1993) . Furthermore, treatment with monensin (U. Kutschera and W. R. Briggs 1987) or Brefeldin-A (Schindler et al. 1994 ) inhibits secretion and cell wall extensibility by disrupting vesicle transport. It is possible that elevated CO 2 enhances growth and cell wall properties through increased cell wall synthesis. Therefore, regulation of substrate concentrations for cell wall synthesis could affect the ability of the plant to respond to CO 2 . In support of this argument, there was a good correlation of the effect of elevated CO 2 on RGR with the effect of elevated CO 2 on the activity of UDP-Glc dehydrogenase (Figs. 2, 7, and 8) . Because the majority of the non-glucosyl sugars of the cell wall are derived from the interconversion of UDPGlc beginning with the activity of UDP-Glc dehydrogenase, regulation of this activity could be critical in the synthesis of xyloglucan and other growth relevant matrix polysaccharides. Dalessandro and Northcote (1977 b) hypothesized that UDPGlc dehydrogenase could be a controlling step in the formation of UDP-Xyl and cell wall synthesis in pea seedlings because the activity was low compared to the activity of UDPGlcUA decarboxylase. Amino et al. (1985 b) also concluded that UDP-Glc dehydrogenase was a probable regulatory step in cell wall synthesis because the level of UDP-GlcUA correlated with both the changes in UDP-Glc dehydrogenase activity and the increased cell wall synthesis during the G1 phase of synchronous cell cultures (S.-I. . Furthermore, the enzyme activity was shown to increase in hypocotyls and suspension cultured cells of French bean with a concomitant increase in wall synthesis and differentiation (D. . In addition, the expression of mRNA for UDP-Glc dehydrogenase was shown to be greatest in the growing portions of leaves and roots of soybean (R. Tenhaken and O. Thulke 1996) . In the present study we observed that the activity per FW was 16-fold greater in the shoot meristem during the transition to flowering compared to the activity in leaves. Thus, UDP-Glc dehydrogenase activity appears to have an important role in the early developmental phases of growth and its influence may occur very early in the formation of new sink tissues.
